ABSTRACT The life cycle of high-risk human papillomaviruses (HPVs) is dependent upon epithelial differentiation. Following infection of basal cells, HPV genomes are stably maintained at low copy numbers, and productive replication or amplification is restricted to highly differentiated suprabasal cells. In high-risk HPV infections, the ATM pathway is constitutively activated in the absence of external DNA-damaging agents and is required for productive viral replication. The ataxia telangiectasia (ATM) pathway repairs double-strand breaks in DNA, while the ataxia telangiectasia and Rad3-related (ATR) pathway targets singlestrand breaks. Our studies show that the ATR pathway, like the ATM pathway, is activated in HPV 
H
igh-risk human papillomaviruses (HPVs) are the causative agents of cervical as well as other anogenital and oral cancers (1) (2) (3) (4) . HPVs infect cells in the basal layer of stratified epithelia and establish their genomes as low-copy-number episomes that replicate in synchrony with cellular chromosomes. The HPV life cycle is dependent upon epithelial differentiation with productive replication or amplification restricted to differentiated suprabasal cells (5) (6) (7) (8) (9) (10) . Upon differentiation, HPV-positive cells remain active in the cell cycle and reenter S/G 2 for amplification in suprabasal cells. Recent studies have implicated the ataxia telangiectasia (ATM) double-strand DNA damage response in HPV-positive cells as being necessary for differentiationdependent genome amplification. This activation occurs in the absence of external DNA damage agents (11) (12) (13) in part through the action of the innate immune regulator STAT-5, but the mechanism by which this occurs is not well understood. A second DNA repair pathway, ATR (ataxia telangiectasia and Rad3 related), mediates the repair of single-strand breaks and is activated through complex formation with the topoisomerase II␤-binding protein 1 (TopBP1) (14) , the ATR-interacting protein (ATRIP) (15) , and claspin (16) . The formation of ATR complexes activates a different set of downstream effectors than ATM that includes CHK1, BRCA 1, and MCM proteins. The ATR pathway has been reported to be activated in undifferentiated HPV-positive cells, and treatment with ATR inhibitors can moderately reduce stable genome copy number (17) . These studies suggest the ATR pathway may modulate stable HPV replication in undifferentiated cells, but it is unclear whether it plays any role in the differentiation-dependent events or what regulates its activation.
In this study, we investigated whether the ATR pathway played any role in the differentiation-dependent amplification of HPV genomes. Our studies demonstrate that both ATR and CHK1 kinases are activated in differentiating HPV-positive cells and that treatment with inhibitors blocks differentiation-dependent genome amplification. Furthermore, we show that a member of the JAK/STAT signaling pathway, STAT-5, mediates activation of ATR. STAT-5 is a transcriptional activator, and we determined that it directly regulates the transcription of TopBP1, resulting in ATR activation. These studies identify STAT-5 as an important regulator of the ATR DNA damage pathways that acts by regulating transcription of TopBP1 and link the innate immune response to induction of single-strand DNA break repair.
RESULTS

ATR and CHK1 are constitutively activated in undifferentiated and differentiated HPV-positive keratinocytes.
To investigate what role, if any, the ATR pathway plays in the HPV life cycle, we first investigated whether the levels of total and activated forms of the members of this pathway were altered in HPV-positive cells. For this analysis, we examined three cell lines that were generated by transfection of normal human keratinocytes with recircularized HPV16, 18, or 31 DNAs (human foreskin keratinocyte [HFK] lines HFK-16, HFK-18, and HFK-31) and stably maintain viral DNAs as episomes (18) . We also examined an immortal cell line that was derived from a cervical biopsy specimen and maintains episomal copies of HPV31 (CIN612) (19) . The levels of total ATR and CHK1 as well as the active, phosphorylated forms are significantly increased in undifferentiated cultures of these three HPVpositive cell lines compared to normal keratinocytes (HFKs) (Fig. 1A) . Epithelial differentiation can be induced by the addition of high-calcium medium to monolayer cultures and plateaus between 72 and 96 h, which correlates with HPV genome amplification (20) . The levels of total ATR and CHK1 along with p-ATR and p-CHK1 are maintained at elevated levels in these HPVpositive lines upon differentiation, which is in contrast with HFKs, where levels remain low (Fig. 1B) . While there is a slight decrease in levels of p-ATR at 72 h, they are still significantly higher than levels in HFKs (Fig. 1B) . Two phosphorylation sites of CHK1 were examined, and the levels of both S345 and S296 phosphorylation are greatly increased in HPV-positive cells. Similar high levels of p-ATR and CHK1 are observed by immunofluorescence in all layers of stratified organotypic raft cultures of HPV31-positive cells (Fig. 1C) . These experiments indicate that components of the ATR pathway are constitutively activated in both undifferentiated and differentiated HPV-positive cells in the absence of external DNA-damaging agents. To investigate which viral proteins were responsible for the activation of ATR or CHK1, the levels of total ATR, CHK1, p-ATR, and p-CHK1 were examined by Western blot analysis using primary HFKs that had been stably infected with retroviruses expressing HPV31 E6, E7, or the combination of E6 and E7. In these experiments, E7 expression alone was sufficient to induce an increase in the levels of ATR and CHK1 as well as p-ATR and p-CHK1, while E6 had only a modest effect. The combination of E6 and E7 had the most significant effect (Fig. 1D) .
Inhibition of CHK1 or ATR activation by inhibitors blocks HPV31 genome amplification. We next investigated whether the ATR pathway played any role in the differentiation-dependent HPV life cycle using inhibitors. For this analysis, CIN612 cells were first treated for 48 h with the ATR inhibitor VE822, and this resulted in a dose-dependent suppression of the levels of p-ATR, as seen by Western blot analysis. VE822 treatment significantly reduced the levels of p-ATR, but not p-ATM, while the total levels of ATR were minimally altered ( Fig. 2A) . In addition, VE822 had no effect on cell proliferation or induction of markers of apoptosis, such as PARP (poly ADP-ribose polymerase) or Bcl-XL, at this concentration (Fig. 2B) . Treatment of HPV-positive cells induced to differentiate in high-calcium medium with VE822 substantially reduced the levels of p-ATR and p-CHK1 (Fig. 2C) . To investigate the effects of inhibition of p-ATR on maintenance of stable viral genomes, undifferentiated monolayer cultures of HPV31-positive cells were treated for 8 days with VE822 and examined by Southern blot analysis. Treatment with VE822 resulted in a moderate reduction of around 40% in the levels of stable episomes that plateaus after 8 days (Fig. 2D) . In contrast, treatment of HPVpositive cells with VE822 upon differentiation in high-calcium medium for 48 h completely blocked the ability to amplify viral genomes (Fig. 2E) .
It was next important to determine if CHK1 was also important for genome amplification or whether p-ATR was the sole critical regulator. UCN01 is a CHK1-specific inhibitor, while CHK2i has been reported to inhibit CHK2 activity (21) . HPV31-positive CIN612 cells were grown in monolayer cultures and switched to high-calcium medium to induce differentiation in the presence or absence of these inhibitors for 48 and 96 h. As shown in Fig. 3A , the level of p-CHK1, but not of total CHK1, was suppressed by UCN01 treatment. In addition, the levels of p-ATM as well as total ATM were not affected by UNC01 treatment (Fig. 3A) . Surprisingly, CHK2i treatment decreased the levels of both p-CHK1 and total CHK1 protein along with a moderate decrease in p-CHK2. In addition, CHK2i treatment also reduced levels of p-ATM and ATM (Fig. 3A) . Neither UCN01 nor CHK2i interfered with the proliferation of cells in culture at this concentration. To determine if UCN01 had an effect on stable maintenance replication of viral episomes, monolayer cultures of HPV31-positive cells were grown for 8 days in the presence or absence of UCN01, and genome copy number was assayed by Southern analysis. Our studies confirm a modest decrease in copy numbers, approximately 40% (Fig. 3B) , which was similar to effects seen with VE822. To determine if activation of the ATR pathway was required for either late gene expression or differentiationdependent genome amplification, HPV31-positive CIN612 cells were grown in high-calcium medium for 48 and 96 h in the presence of the CHK1 inhibitor UCN01 or the CHK2 inhibitor CHK2i, and total DNA was assayed by Southern blot analysis. As seen in genome amplification. To investigate if the ATR pathway also played a role in regulating late gene expression, total RNA was also isolated from differentiated HPV31-positive cells treated with UCN01 or not treated and examined by Northern blot analysis. Upon differentiation, late viral transcripts encoding E1^E4, E5 are initiated from a differentiation-dependent promoter located around nucleotide 742 in the middle of the E7 open reading frame. The addition of UCN01 inhibited expression of viral late transcripts (Fig. 3D) , indicating that activation of the ATR pathway is necessary for both differentiation-dependent amplification and late gene expression. To exclude the possibility of possible offtarget effects of these inhibitors, we also screened for the levels of AKT, p-AKT, CDK4, and CDK6 in CIN612 cells following treatment with UNC01 or CDK2i (Fig. 3E) . No change in the levels of these factors was seen with CHK2i treatment, while UNC01 had no effect on total AKT, CDK4, and CDK6. Interestingly, UNC01 treatment slightly increased the levels of p-AKT, but this is unlikely to have any effect on amplification.
HPV regulates STAT5 to induce activation of the ATR/CHK1 pathway. The results described above show that inhibition of ATR as well as CHK1 kinases blocks differentiation-dependent HPV late events, and it was important to determine how HPV proteins activate these kinases. Previous studies have identified the innate immune regulator STAT-5 as a critical activator of the ATM pathway in HPV-positive cells (22) . To investigate if STAT-5 could affect activation of the ATR DNA damage pathway, CIN612 cells were grown in the presence of pimozide, an inhibitor of STAT-5 phosphorylation, and cell extracts were screened by Western blot analysis for effects on the levels of p-ATR and p-CHK1. As shown in Fig. 4A , pimozide treatment substantially reduced the levels of p-ATR and p-CHK1 but had minimal effects on total levels of these proteins. In addition, pimozide treatment had no effect on the proliferation of cells, as shown previously (22) . We next investigated the effect of reducing STAT-5 levels with short-hairpin RNAs (shRNAs) to confirm the effects seen with pimozide. STAT-5 consists of two isoforms, ␣ and ␤, and we previously identified shRNA-expressing lentiviruses with each of these isoforms that abrogated their expression (22) . The two sets of lentiviruses were combined and used to infect CIN612 cells. Following infection for 72 h and differentiation in high-calcium medium, the suppression of phosphorylation of ATR and CHK1 was observed. The levels of activated ATR and CHK1 were further decreased upon keratinocyte differentiation in high-calcium medium (Fig. 4B ). There was a slight decrease in p-ATR and p-CHK1 levels at 72 h in the scrambled control, but the levels were still significantly higher than those seen with STAT-5-specific knockdowns (Fig. 4B) . We conclude that STAT-5 is an upstream activator of ATR and CHK1 phosphorylation in HPV-positive cells.
TopBP1 is responsible for STAT-5-dependent ATR/CHK1 activation. STAT-5 is a transcriptional activator, and our analyses indicate that it regulates the phosphorylation state of ATR and CHK1. This suggests that STAT-5 regulates the expression of an intermediary factor, which in turn activates the ATR pathway. Recent studies demonstrate that TopBP1 regulates the activation of ATR (14), and we investigated if the expression of TopBP1 was altered by STAT-5. The levels of TopBP1 proteins were found to be elevated in undifferentiated monolayer cultures of HPV31-positive cells along with cells with HPV16 and 18 in comparison to normal HFKs (Fig. 5A) . Upon differentiation in high-calcium medium, the levels of TopBP1 are retained at high levels in HPVpositive cells (Fig. 5B) , in contrast to HFKs. High levels of TopBP1 were also observed in cells that express E7 alone but not in cells expressing E6 (Fig. 5C ) and correlate with STAT-5 activation (22) . To examine whether TopBP1 is regulated by STAT-5, CIN612 cells were treated with pimozide and induced to differentiate in high-calcium medium. Inhibition of STAT-5 activation by pimozide resulted in decreased levels of TopBP1 after 48 and 96 h (Fig. 5D) . Similarly, knockdown of STAT-5 by transduction of lentiviruses encoding STAT-5 shRNAs completely blocked TopBP1 expression (Fig. 5E ). To determine if this effect was mediated at the transcriptional or posttranscriptional levels, undifferentiated and differentiated knockdown cells were assayed by RT-PCR for TopBP1 mRNA levels. Knockdown of STAT-5 significantly reduced the levels of TopBP1 transcripts in both sets of cells (Fig. 5F ). We next examined if the effects of STAT-5 were mediated at the level of initiation of transcription or by mRNA stabilization through the use of TopBP1 promoter reporters. The 1,498-nucleotide upstream promoter region of TopBP1 was cloned into the pGL3-basic dual luciferase reporter. These reporter plasmids were then transfected into HPV-positive cells that had been previously infected with either lentiviruses expressing shRNAs to STAT-5 or control shRNAs. As seen in Fig. 5G , knockdown of STAT-5 inhibited TopBP1 reporter expression, confirming that regulation occurs at the initiation of transcription. These results demonstrate that STAT-5 regulates TopBP1 expression at the level of transcription (Fig. 5) .
It was next important to confirm that high levels of TopBP1 were important for ATR/CHK1 activation as well as HPV genome amplification. For this analysis, lentiviruses encoding TopBP1-specific shRNAs were used to infect CIN612 cells, and at 72 h after transduction, the cell lysates were collected and assayed for TopBP1 protein levels by Western blot analysis. Figure 6A shows that the levels of TopBP1 were reduced by lentiviral shRNA infection compared to the mock-infected cells or cells transduced with scrambled shRNA-expressing lentiviruses and those encoding shRNAs 02 and 05 were pooled for subsequent experiments. HPV-positive cells transduced with lentiviruses were then induced to differentiation in high-calcium medium for an additional 72 h before analysis. The cells were then collected and assayed for TopBP1 protein levels by Western blot analysis as well as for genome amplification by Southern blot analysis. Our results show that the levels of TopBP1 were greatly reduced in CIN612 cells transduced with TopBP1 shRNA lentiviruses, compared to the control transduced cells (Fig. 6B) . The knockdown of TopBP1 led to substantial reductions in the levels of p-ATR and p-CHK1, as well as slight reductions in the levels of total CHK1. In contrast, total ATR levels were not affected by knockdown of TopBP1. The slight decreases in p-ATR and p-CHK1 levels seen at 72 h of differentiation (Fig. 6B) are consistent with the results shown in Fig. 1 , but the levels are substantially higher than the levels seen in TopBP1 knockdowns (Fig. 6B) . Importantly, Southern blot analysis revealed that the loss of TopBP1 in CIN612 cells blocks HPV31 genome amplification (Fig. 6C) . These results demonstrate a critical role of STAT-5 in regulating the transcription of TopBP1, which is necessary for activation of the ATR/CHK1 pathway and genome amplification in HPV-positive cells. 
DISCUSSION
The differentiation-dependent amplification of human papillomaviruses genomes is dependent upon host pathways, including those for DNA damage repair. The ATR pathway repairs singlestrand breaks, and our studies show that it plays a critical role in HPV differentiation-dependent amplification. The levels of ATR kinase and its downstream effector, CHK1, are substantially increased in HPV-positive cells and are maintained at high levels upon differentiation in contrast to normal cells where levels rapidly decrease. Interestingly, the active phosphorylated forms of ATR and CHK1 are induced in the absence of any external DNAdamaging agents. Our studies demonstrate that HPV proteins activate the ATR pathway through the action of the innate immune regulator STAT-5. STAT-5 is a transcription factor that is usually activated in response to growth factors or cytokines. STAT-5 contributes to the regulation of tumorigenesis by controlling the transcription of tumor repressor genes, such as the IRF-8 gene (23), as well as prosurvival signals mediated through AKT1 (24) . Our studies identify another mechanism by which STAT-5 regulates the stress response through the ATR DNA damage pathway. In HPV-positive cells, STAT-5 is constitutively activated, and we found that it regulates the transcription of TopBP1, a regulator of ATR activation. For ATR activation, our studies show by means of transcript and reporter assays that STAT-5 directly regulates transcription of the TopBP1 gene and that this is necessary for ATR activation. These observations demonstrate a link between the innate immune response and ATR activation. Interestingly, STAT-5 also regulates the ATM pathway, where it acts by modulating Tip60 phosphorylation and activation. Activated Tip60 acetylates ATM, which is necessary for ATM autophosphorylation, and Tip60 activation is mediated through the action of the GSK-3␤ kinase (12) . Since STAT-5 is a transcription factor, it must act through an as-yet-uncharacterized intermediary factor to activate GSK-3␤ and its downstream target Tip60. Our studies show that HPVs act in a coordinated manner to activate both ATR and ATM through the same transcription factor, STAT-5.
ATR activation in HPV-positive cells is dependent upon p-STAT-5 regulated transcription of the TopBP1 gene. TopBP1 forms a complex with ATRIP and claspin, which binds ATR and regulates its activation through autophosphorylation. Putative STAT-5 binding sequences are located in the TopBP1 promoter, and our analyses show that STAT-5 directly activates transcription. Furthermore, our studies show that knockdown of TopBP1 blocks genome amplification. Previous studies have shown that knockdown of TopBP1 moderately increases short-term replication of transiently transfected HPV31 plasmids and has a similar modest effect on stable maintenance of HPV31 episomes (25) . Our analyses have identified a critical role for ATR in the differentiation-dependent late phase of the viral life cycle as well as demonstrating that TopBP1 is an important regulator of this pathway. Interestingly, TopBP1 also forms complexes with the HPV E2 protein, resulting in its recruitment to viral genomes. E2 mutants that are no longer able to bind TopBP1 have reduced replication ability, indicating that it is a positive regulator of viral replication (26) . In addition to its role in ATR activation, TopBP1 helps to load replication factors onto origins (27) as well as acting as a transcriptional regulator (28) , but it is not clear if these functions are enhanced through its interactions with E2.
The E7 protein was shown to be sufficient to induce increased levels of ATR and CHK1 levels as well as activation of phosphor- ylation. The E1 origin recognition protein has previously been shown to induce the recruitment of ATR and ATRIP to repair foci when overexpressed by itself in short-term assays in undifferentiated cells (29) . This suggests that E7 may act together with E1 for full activation of ATR. The E7 protein has also been shown to activate STAT-5 phosphorylation, but maximal effects are seen when complete viral genomes are present (22) . It seems likely that the combination of E7 with E1 or some other viral protein mediates full activation of these DNA damage pathways. While high-risk viral proteins activate the ATR response, it has been reported that E6 protein of cutaneous HPV8 blocks ATR activation (30) , indicating that ATM and ATR activation may be a property specific to high-risk HPV. Since no system for stably replicating HPV8 genomes types has yet been developed, it is not clear what effects on ATR activation are seen with complete genomes. ATR has also been shown to positively regulate the replication of Merkel cell polyomaviruses, BK virus, and herpes simplex virus (HSV) (31) (32) (33) .
Our studies indicate that activation of both ATM and ATR is necessary for HPV genome amplification, but it is not immediately obvious why both are required. Previous studies have implicated the homologous repair (HR) arm of the ATM pathway but not those involved in nonhomologous end joining (NHEJ) as important for HPV genome amplification. Homologous recombination repair occurs in G 2 and requires resection of double-strand breaks by the exonuclease activity of MRN (Mre11, Rad50, Nbs1), exposing 5= and 3= single-strand regions. These singlestrand regions may recruit ATR factors to facilitate repair replication, and this could explain why they are important for HPV genome amplification. It is also possible that both double-strand and single-strand breaks are generated in HPV genomes prior and during amplification and that these recruit ATM and ATR factors to these sites. For simian virus 40 (SV40), ATM and ATR have been suggested to act as a part of a quality control mechanism to block rolling circle replication and concatemer formation to favor theta structure replication (34) . Since both pathways are required for HPV amplification, it is interesting that they are activated through the same mechanism involving STAT-5. Overall, these studies identify TopBP1 as a critical regulator of HPV replication functions whose expression is regulated by STAT-5.
MATERIALS AND METHODS
Cell culture. Human foreskin keratinocytes (HFKs) were isolated from neonatal foreskins as previously described (35) . HPV16, 18, and 31 cell lines, which maintain viral episomes, as well as E6-and E7-expressing cells, were prepared as previously described (18) . CIN612 cells are derived from a cervical intraepithelial neoplasia (CIN) II biopsy specimen that stably maintains HPV31 episomes. For the genome amplification assay, HPV-positive cells were induced to differentiate in keratinocyte basal medium without supplements and containing 1.5 mM CaCl 2 for up to 96 h (35) .
Inhibitors, antibodies, and Western blot analysis. The inhibitors used in this study were as follows: 100 nM UCN01 and 5 M VE822 (Selleckchem, Houston, TX); 10 M pimozide (Sigma-Aldrich, St. Louis, MO); and 5 M CHK2i (Calbiochem, San Diego, CA). The antibodies used in this study were as follows: antiinvolucrin, anti-TopBP1, and anti-GAPDH (Santa Cruz, Santa Cruz, CA) and anti-STAT-5, anti-CHK2, anti-ATM, anti-p-CHK2 (Thr68), anti-p-ATM (Ser1981), anti-CHK1, anti-ATR, anti-p-CHK1 (Ser296), anti-p-CHK1 (Ser345), and anti-p-ATR (Cell Signaling, Inc., Danvers, MA). For Western blot analysis, cell lysates were processed as previously described (36) . Briefly, keratinocytes were first isolated from J2 feeders by treatment with Versene (phosphatebuffered saline [PBS] containing 0.5 mM EDTA) and lysed in radioimmunoprecipitation assay (RIPA) lysis buffer on ice for 30 min. The protein samples were separated on SDS-PAGE gels and then transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were finally developed using Enhanced Chemiluminescence (ECL) Prime or ECL reagents (Amersham, Pittsburgh, PA). Chemiluminescence signals were detected using Eastman Kodak X-ray films.
Immunofluorescence. HFKs as well as CIN612 HPV31-positive keratinocytes were differentiated in raft cultures as previously described (35) . Sections from HFK raft cultures or CIN612 cell raft cultures were processed by the Pathology Core Facility of Northwestern University. Cross sections of rafts were stained using a 1:100 dilution of anti-p-ATR (Cell Signaling, Inc., Danvers, MA) and 1:100 of anti-CHK1 (Cell Signaling, Inc., Danvers, MA). For the secondary antibody, Alexa Fluor 488 goat anti-mouse antibody and anti-rabbit antibody were used (Life Technologies, Grand Island, NY). The sections were then mounted with Gelvatol (Sigma-Aldrich, St. Louis, MO). Images were captured using a Nikon C2ϩ spectral confocal microscope at Center of Advanced Microscopy of Northwestern University.
Southern and Northern blot analysis. Total DNA was extracted with phenol-chloroform, and the DNA samples were then processed by Southern blot analysis as previously described (22) . Total DNA levels were determined by multiple NanoDrop measurements and equal loading of gels was confirmed following electrophoresis by ethidium bromide staining. For Northern blot analysis, the cells were lysed in STAT-60 (Tel-Test, Friendswood, TX), and the RNA samples were then processed as previously described (22) .
Lentiviral virion production and transduction. Mission short hairpin RNA (shRNA) lentiviral vectors were purchased from Sigma-Aldrich, St. Louis, MO. Lentiviral particles expressing five TopBP1-specific shRNAs (constructs 1 to 5) were prepared as previously described (22) . CIN612 cells were then incubated with 5 ml fresh E medium containing concentrated TopBP1 shRNA or scrambled shRNA lentiviral soup in the presence of 4 g/ml hexadimethrine bromide (Polybrene; Sigma-Aldrich, St. Louis, MO) overnight at 37°C. The culture medium was changed, and the transduced cells were cultured in fresh E medium for an additional 48 h before analysis. The shRNA against STAT-5 has been tested and applied in our previous work (22) .
Luciferase reporter assay. The 1,498-nucleotide upstream promoter region of TopBP1 was cloned into the pGL3-basic dual luciferase reporter by GenScript USA, Inc. (Piscataway, NJ). CIN612 HPV-positive cells were used to seed 6-well plates. When the cell confluence reached around 50 to 60%, the cells were transduced with lentiviral soups expressing STAT-5-specific shRNA in the presence of 4 g/ml Polybrene (Sigma-Aldrich, St. Louis, MO) overnight. The transduced cells were washed with PBS and transfected with the pGL3-TopBP1 promoter plasmid using PEI reagents. The following day, the transfected cells were transferred to fresh E medium and incubated at 37°C for 48 h. Luciferase activity was measured using the dual-luciferase reporter assay system (Promega, Madison, WI), with Renilla luciferase as an internal control, according to the manufacturer's instructions. Significance was determined using Student's t test.
